This paper considers the specific absorption rate (SAR) in tissue of radiofrequency (RF) energy and temperature increases produced by RF currents on short conductors (0.03-0.1 λ). We consider a cylindrical model in which a center-feeds, insulated antenna is embedded in tissue. We introduce a new method for the analytic evaluation of the fields in the cylindrical phantom taking advantage of the axial symmetry of the antenna and the tissue. Results of the analytical model are compared to results of numerical (finite difference time domain) simulations; in addition, the thermal response of the exposed material is calculated by finite element solution of the heat conduction equation. For model antennas of 1 to 3 cm total length with a feedpoint current of 10 mA RMS at 900 MHz, the maximum SAR (in tissue next to the antenna) is less than ∼2.5 W/kg. SAR decays rapidly with radial distance from the antenna (∼r −4 for the 1 cm antenna) and creates a steady-state temperature rise less than 0.05 K at the location of SAR max . Heat conduction causes the temperature to decline steeply with radius (depth into tissue).
INTRODUCTION
We consider electrically short antennas because, although they are the highest energy density sources, exposure to their fields has not received attention. The absorption of radiofrequency fields in tissue from antennas has been studied with respect to a number of different applications, including communications and telemetry [1] [2] [3] [4] . Most of this work has focused on antennas that are designed to radiate energy into tissue, which typically employ resonant half-wavelength designs [5] . We presently consider near-field exposures from electrically short antennas that, without proper matching, are inefficient radiators due to their reactive impedance. However, the reactive fields near the antennas can be strong and possibly cause a significant localized exposure. Exposure to body tissues from electrically short antennas may arise with various communications and telemetry antennas, including antennas used for wireless body area networks. We suggest that some exposure situations involving accidental placement close to the body of circuit elements driven by high-impedance sources can also be approximated by models based on short dipoles. In some important respects, electrically short antennas present different exposure characteristics than resonant dipole antennas. For short antennas, the locations of maximum RF current and maximum charge concentrations are separated by less than one-quarter wavelength along the antenna, in contrast to resonant antennas.
The reactive near fields from such antennas can be higher than for resonant dipoles with the same feedpoint current. This paper addresses the resulting question of how much exposure the near fields from such antennas might produce in tissues.
The specific absorption rate (SAR) produced in tissue from short dipoles has been studied numerically by several authors [6] [7] [8] . An even more extreme exposure situation, near-field exposures from Hertzian dipoles (infinitesimal current segments), has recently been examined by Kurniawan et al. [9] . There remains a lack of a general discussion of exposure to tissues from short dipole antennas. We presently consider exposure from electrically short (0.03-0.1 λ) insulated dipole antennas that are embedded within tissue. This study has two parts. First, we present an approximate analytical solution of the field equations for an insulated short dipole embedded in tissue and compare its results with those from a finite difference time domain (FDTD) numerical method. Second, we consider the heating that such near-field exposures produce in tissue, using finite element calculations of heat transport.
ANALYTICAL MODEL
We consider an insulated, electrically short center-fed antenna of length 2L and radius a inside a cylindrical lossless dielectric shell of radius d and infinite length, surrounded by The current I(y) at a distance y from the feedpoint for electrically short antennas is approximately [10] 
where k p = 2π/ λ p is the propagation constant of waves in the dielectric shell (d L λ p , λ p = wavelength in the dielectric shell). For an electrically short antenna, this can be approximated by a triangular function with height I at the center (the feedpoint of the dipole).
The axial electric and magnetic fields in the outside medium are given by [11] :
2 , and I is related to the impressed current amplitude; η d is the characteristic impedance of tissue (see the appendix). For the short dipoles considered here, the maximum SAR is not found near the feedpoint (as it is with resonant dipoles) but is located in two peaks removed from the center, where it is dominated by the radial (z) component of the field. The peaks approach the center of the dipole for increasing values of L. This radial field component is a reactive near field, and does not propagate energy away from the antenna in the z direction. At the location of the maximum SAR, close to the insulating layer (z ≥ d), the field magnitude approaches
with y < L and z ≥ d. In (5), the radial (and dominant) field component E z falls off with distance z through the combination of two effects. The exponential factor in (5) describes the exponential attenuation of a spherical wave in the tissue, with a skin depth of about 4 cm at 900 MHz. The other space attenuation factors containing z in (5) are a consequence of the near-field exposure. As a consequence, E z falls off rapidly with the radial distance from the antenna (and much more rapidly than for a plane wave at the same frequency). In an exact model, the current I would be modified from the feedpoint current by reflections within the dielectric layer. However, if the dielectric layer is electrically very thin (as it is in the present example), reflections are insignificant and I can be taken as equal to the feedpoint current. If the insulation layer is not electrically very thin, I can be treated as a free input parameter that can be set by limiting the maximum SAR in the tissue or the maximum SAR averaged over a given volume. The radiation resistance of the antenna is found by dividing the total power radiated by the modulus square of the current [12] . In this case, the total radiated power is given by
where n is the external normal to the surface of the lossless dielectric cylinder of radius d.
From (3) and (A.12), it is possible to evaluate the radiation resistance of the antenna, which admits a functional representation in terms of Bessel functions. The details of the computations are given in the appendix.
From the perspective of hazard assessment, the usual quantity of interest is the SAR, which is the power dissipated per kilogram of tissue. However, for thermal hazards, the biologically significant quantity is the temperature increase, Quirino Balzano et al. not directly the SAR pattern. A detailed thermal model, including effects of blood vessels that might be present near the antennas, is feasible to develop for specific exposure situations.
To provide upper-limit estimates of the temperature increase in a real tissue exposed to short antennas, we presently consider a simplified thermal model, based on the Fourier heat conduction equation that ignores the effects of blood flow;
where the thermal parameters are chosen to be similar to those of soft tissues as follows:
). This approximate approach is justified by the very shortrange nature of the SAR, which leads to large thermal gradients near the antenna, and consequently, to dominance of heat conduction in the transport of heat from the region of the antenna.
NUMERICAL MODEL
Numerical calculations, of both the electromagnetic and heat conduction problems, were performed for dipoles of lengths 2L of 1, 2, and 3 cm, excited at their center at 900 MHz. These calculations employed a cylindrical model in which the dipole was surrounded by a lossless cylindrical shell of thickness 2 mm, with dielectric permittivity ε p = 3, embedded in an infinite medium whose dielectric properties were assumed to be representative of those of soft tissue at 900 MHz (ε d = 54 relative permittivity and σ = 1.3 S/m conductivity). The SAR in the tissue around the dipoles was calculated using a finite difference time domain (FDTD) code (FDTD Lab, Motorola Inc. and Tbilisi State University, GA, USA) with a discretization size of 0.5 mm. All results were normalized to a feedpoint current of 10 mA. The calculation used either a fixed number of steps (8000) or terminated when a stability of 0.1% was reached, In most cases, 8000 steps were used, each step is 1.16 picoseconds, corresponding to a total of about seven cycles at 900 MHz.
To provide an upper-limit estimate of the temperature increase, we solved the heat conduction equation using the computed SAR. The heat conduction equation (7) was solved numerically using the computed SAR values using a finite element program (FlexPDE, PDE Solutions, Sunol, CA, USA) to calculate the transient, and steady-state temperature increases in the medium surrounding the antenna. The thermal properties of the insulation layer were chosen to be the same as those of polyethylene. Figure 2 shows a contour plot of the SAR pattern of the 3 cm dipole calculated using FDTD. (Because of symmetry, the pattern of only one half of the antenna is presented.) The dark cylinder represents the antenna, while the shaded box is the insulation. The very short range of the SAR pattern, due to the reactive nature of the fields, is clearly visible from the absence of the peak SAR at the maximum of the H field and the short depth of penetration in tissue.
RESULTS

SAR produced by short dipoles
The SAR patterns in tissue at the dielectric boundary (along the surface of the antenna insulation) are shown in clearly a good approximation in this case because the simple analytical model predicts correctly the peak SAR values. The differences in the results are due to the simplified analytical equations (3) and (4) of the E fields.
Notice that, in the short dipoles considered here, the peak values of the SAR in the tissue are not at the feedpoint (as they are in resonant dipoles [13] ) but are located in pairs symmetrically placed about the feedpoint. As the length of the antenna is increased, these migrate closer to the center of the antenna, the feedpoint. Figure 6 shows the points of maximum SAR value as a function of radial distance into the tissue making clear the very short range of the SAR for the antennas, as expected from (5). Table 1 summarizes the maximum increase in temperature and total deposited power in the tissues from the three antennas (with all results normalized to a feedpoint current of 10 mA). Figure 7 shows the transient temperature increase in the region of maximum SAR in the tissue produced by the three antennas. A useful measure of the time needed to approach the steady state is the thermal relaxation time τ, defined as the ratio of the steady-state temperature increase to the initial time rate of increase of temperature:
Temperature increase
where T ss is the maximum steady-state temperature increase at the location of the maximum exposure, SAR max . This relaxation time (Table 1) ranges from 45 to 245 seconds for the three dipoles. The steady-state pattern of temperature increase for one antenna is shown in Figure 8 . Because of the effect of heat conduction, the steady-state temperature increase is spread out over a much larger area than the SAR pattern. Figures 2-5 show that regions of relatively high SAR are present near the surface of the antenna due to reactive fields near the antenna. These fall off very quickly with distance from the antenna. It is of interest to compare the maximum SAR produced by these electrically short antennas with resonant dipoles. A useful point of reference is a correlation equation from Kuster and Balzano [13] that provides the maximum SAR beneath a dipole antenna placed a distance d above a tissue plane:
DISCUSSION
Maximum SAR
In the above expression, c corr is a correction factor, d the distance from the dipole to the model, γ pw the plane-wave reflection coefficient for the field, λ the free space wavelength, ρ the mass density of the material, (ε,σ) the permittivity and conductivity of the material, and I fp the antenna current at the feedpoint. This expression was developed for a different situation (a dipole separated by a distance d above a lossy dielectric plane, with air separating the dipole and the plane), but nevertheless provides a useful point of reference. Using d = 2 mm (the thickness of the insulation in the antennas presently modeled), (9) yields a maximum SAR of 2.8 W/kg, which is of the same order of magnitude found in the present study where SAR depends strongly on L in addition to d. Using d = 2.8 mm (an approximation of the electrical thickness of a 2 mm slab of polyethylene), (9) yields a maximum SAR of 1.5 W/kg. We conclude that the maximum SAR produced in the tissue by short dipoles is similar in magnitude to that predicted by the correlation equation (9) developed for resonant dipoles. The total absorbed power in the medium will be far larger with the resonant dipole, however.
Temperature increase
In the steady state (Figure 8 ), the temperature field extends far more deeply into the medium than the SAR pattern due to effects of heat conduction. This is a consequence of the very short range nature of the SAR produced by these antennas. The heating pattern, after a few seconds, is essentially the same that would be produced by purely surface heating at the insulation-tissue interface, or equivalently by conduction of heat from a heated volume equivalent to that of the antenna and insulation. After an initial thermal transient, the heating pattern hardly depends on the details of the SAR distribution but rather on the total power deposited in the tissue and rate of heat conduction. This is illustrated by a simple analytical model. Consider an infinite medium whose thermal properties are those given below (7), subject to uniform heating in a spherical region of radius a as follows:
The analytical solution of the heat conduction equation for this problem is elementary. The maximum temperature increase in the center of the region, T max , in the steady state, is
where P = (4/3)πa 3 ρS is the total power deposited in the heated region. For a total power of 1 mW deposited in a spherical region of 5 mm radius (comparable to the volume of the cylindrical space heated by the 3 cm dipole), this corresponds to a maximum temperature increase inside the heated region of about 0.032 K in the steady state. This is very close to the maximum steady state temperature calculated for the 3 cm long dipole. Heat conduction is clearly very efficient in limiting the temperature increase produced by the very short range pattern of RF power deposition produced by these antennas. In a real tissue, the effects of blood perfusion would further reduce the temperature increase.
The threshold for thermal damage to tissue corresponds to local temperature increases of several degrees, which 6 International Journal of Antennas and Propagation would require feedpoint currents in excess of 100 mA in the present antennas. Currents of this magnitude would be unlikely to be present in practically operating antennas for ordinary applications. Moreover, if such currents were present, the heating effects due to ohmic losses in the conductor [14] , and even minimal dielectric losses in the insulation might well exceed those due to near-field exposures in tissue itself.
While these results are particular to the antennas and excitation frequency considered in this study, it would be straightforward to extend these estimates to other antennas and operating frequencies. It would be a useful extension to develop a set of operating parameters, in terms of insulation thickness, antenna length, feedpoint current that would provide practical guidance for safe operation of short dipoles, and other circuit elements in close proximity to tissue, but that is beyond the scope of the present study.
APPENDIX
A. DERIVATION OF CYLINDRICAL FIELD FUNCTIONS
From [15] , the vector potential from a finite wire in the dielectric (z > d) is given by 
